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1999). In this case, inhibiting the increase in either calcium Thus, we are left with a tantalizing quandary: the result is
or cAMP levels abolishes the dependence of growth cone exciting but the in vivo relevance awaits resolution.
turning responses on electrical stimulation.
Do calcium rises induced by action potentials occur Bill Harris and Christine Holt
naturally in growth cones during pathfinding? Using cal- Department of Anatomy
cium imaging, Spitzer and colleagues observed short Cambridge University
single spikes of calcium in the growth cones of cultured Downing Street
Xenopus spinal neurons as a result of spontaneous ac- Cambridge CB2 3DY
tion potentials invading the growth cone and opening United Kingdom
voltage-gated calcium channels (Gu et al., 1994). These
Selected Readingcalcium spikes occur at a spontaneous rate of about
three per hour and do not lead to changes in the rate
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higher frequency electrical stimulation of the cell body
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(ten pulses at 2 Hz) to produce a more sustained in- Neuron 22, 89–101.
crease in growth cone calcium. Low-frequency stimula-
Catalano, S.M., and Shatz, C.J. (1998). Science 281, 559–562.
tion does not lead to an alteration in growth cone turning
Dantzker, J.L., and Callaway, E.M. (1998). J. Neurosci. 18, 4145–
just as the rather isolated spontaneous spikes do not 4154.
affect axon growth. Spitzer and colleagues have also Gomez, T.M., and Spitzer, N.C. (1999). Nature 397, 350–355.
shown that slower spontaneous calcium transients,
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called waves, occur in growth cones in vitro and in vivo
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and that the rate of growth cone advancement is in-
Gu, X., Olson, E.C., and Spitzer, N.C. (1994). J. Neurosci. 14, 6325–versely proportional to the frequency of these transients
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(Gomez and Spitzer, 1999, 2000). However, these waves
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are the result of intracellular release from calcium stores
Ho¨pker, V.H., Shewan, D., Tessier-Lavigne, M., Poo, M., and Holt,and are not dependent on impulse activity (Gu et al.,
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1994). Thus, one might wonder if these axons really use
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impulse activity in growth cone guidance during normal M.-m. (2001). Neuron 29, this issue, 441–452.
development. While the literature clearly shows that Song, H.J., Ming, G.L., and Poo, M.M. (1997). Nature 388, 275–279.
electrical activity influences synapse formation and ter- Erratum: Nature 389 (6649), 1997.
minal arborization (Goodman and Shatz, 1993; Catalano Song, H.J., and Poo, M.M. (1999). Curr. Opin. Neurobiol. 9, 355–363.
and Shatz, 1998; Dantzker and Callaway, 1998), there is
little indication that impulse activity in the developing brain
is needed for the formation of normal axon tracts or path-
ways. Indeed, in the absence of all normal impulse activity
throughout development, the axonal connections in the
nervous system look remarkably good (Harris, 1980). CAKb/Pyk2 Activates Src: Another
Because Ming et al. use a growth cone turning assay, Piece in the Puzzle of LTP Inductionit is tempting to assume that this behavior is relevant
only for axon pathfinding. However, cultured neurons
are limited in the behaviors they can express, and so it
The fundamental role of NMDA receptors in the induc-is possible that the “read out” seen as a directional turn
tion of many forms of long-term potentiation (LTP) ismay, in fact, represent something different such as an
very well established. A general model is that Ca21 entryaspect of target innervation or terminal arbor formation.
through activated NMDA receptors initiates biochemicalIf bursts of spontaneous axon potentials in growing neu-
cascades that lead to an increase in AMPA receptor–rons were coordinated with target innervation, something
mediated current and thus results in long-lasting poten-that is not known (although there are suggestions that this
tiation of synaptic efficacy (Bliss and Collingridge, 1993).might be so), the results could help explain target selection
Molecular events that can enhance or diminish NMDAerrors in growing axons deprived of activity.
receptor responses are therefore likely to have profoundFinally, the potential significance of this work to axon
implications for the induction of LTP. For example, it isregeneration should not be overlooked. It has been pro-
known that the nonreceptor tyrosine kinases Src andposed that repulsion to molecules like MAG at injury
Fyn can upregulate NMDA receptors currents. Subse-sites plays a role in preventing damaged CNS axons
quently, it was shown that Src phosphorylates the NR2from regenerating, because their growth cones, unlike
subunits and that the Src-mediated enhancement ofthose of embryonic axons, have low levels of cAMP (Cai
NMDA receptor responses is a required step in LTPet al., 1999). Thus, stimulation of injured CNS axons
induction (Salter, 1998).might return cAMP levels to more embryonic levels and
There remain, as ever, many issues that need to bethus help regenerating axons across repulsive barriers
resolved. One question is how Src-mediated phosphor-and make the correct pathfinding decisions that they
ylation of NMDA receptors is regulated in the neuron,did when they were young. The recent work of Al-Majed
and more specifically, what is the signal for Src activa-et al. (2000) suggests that electrical stimulation of motor
tion during induction of LTP? Many pathways have beennerves increases the speed and accuracy of peripheral
shown to lead to Src activation, but the sequence ofregeneration, but in this case the effect is mediated
through activity of the cell body and not the growth cone. events responsible for Src-mediated phosphorylation of
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NMDA receptors and subsequent LTP were, until now, In electrophysiological experiments, inclusion of
unknown. Huang and coworkers in this issue of Neuron CAKb/Pyk2 in the patch pipette caused a 150% increase
(Huang et al., 2001) provide convincing evidence that in NMDA-evoked responses, whereas a dominant-nega-
the answers lies, at least in part, in cell adhesion kinase tive mutant form of CAKb/Pyk2 (K547A CAKb/Pyk2) had
b, also known as proline-rich tyrosine kinase 2 (CAKb/ no effect. Furthermore, K457A CAKb/Pyk2 markedly de-
Pyk2). creased the potentiation of NMDA receptor currents
CAKb/Pyk2 is a 110 kDa nonreceptor tyrosine kinase evoked by the phorbol ester 4b-PMA, a PKC activator.
that has high homology to focal adhesion kinase (FAK). That PKC and CAKb/Pyk2 act via a common pathway
Integrin binding to components of the extracellular ma- was inferred by the observation that PKC-evoked in-
trix results in the formation of focal adhesions in cultures creases in NMDA receptor currents were occluded by
of many nonneuronal cell types. FAK can be activated prior CAKb/Pyk2-evoked increases. In an elegant alter-
by integrins, among other things, and appears to be native experimental approach, native CAKb/Pyk2 kinase
involved in the destabilization and turnover of focal ad- was immunopurified from the CA1 region of hippocam-
hesions (Schlaepfer et al., 1999). This system has been pal slices and the level of tyrosine phosphorylation used
the focus of considerable attention since it serves as as an indicator of activity. Application of 4b-PMA, but
a model for processes such as tissue formation, cell not the inactive isomer 4a-PMA or 4b-PMA in the pres-
migration, and cancer tumor invasiveness. CAKb/Pyk2 ence of the PKC inhibitor chelerythrine, caused an in-
can also be activated by integrins, but it is not generally crease in tyrosine phosphorylation.
localized at focal adhesions (Girault et al., 1999). Both The involvement of Src in the CAKb/Pyk2-evoked
FAK and CAKb/Pyk2 can be activated by Ca21 and pro- upregulation of NMDA receptor function was confirmed
tein kinase C (PKC) and have splice isoforms that are by coapplication of CAKb/Pyk2 with the Src inhibitory
predominantly or exclusively expressed in the CNS. Fur- peptide Src(40–58) or a corresponding nonactive, scram-
thermore, FAK and CAKb/Pyk2 have been shown to bled peptide. The CAKb/Pyk2-evoked increase in NMDA
activate mitogen-activated protein kinase/extracellular- receptor current was abolished by Src(40–58) but not the
signal-regulated kinase (MAPK/ERK) and Src family ki- control peptide. Direct activation of Src caused similar
nase pathways, both of which have been suggested to increases in NMDA receptor currents in the presence
be intimately involved in LTP (Girault et al., 1999). and absence of dominant-negative CAKb/Pyk2, demon-
Since endogenous CAKb/Pyk2 can be activated by strating that Src is downstream of CAKb/Pyk2. Thus,
PKC (Lev et al., 1995) and PKC can enhance NMDA their data are consistent with the scheme that PKC acti-
receptor function via activation of Src (Lu et al., 1998), vates CAKb/Pyk2, which in turn activates Src and upreg-
Huang and coworkers hypothesized that CAKb/Pyk2
ulates NMDA receptor function via tyrosine phosphory-
could be an intermediate in the pathway between PKC
lation.
and Src (see figure). This prediction is entirely consistent
Having established that NMDA receptor currents inwith previous reports demonstrating that activation and
response to exogenously applied agonist were potenti-autophosphorylation of FAK and CAKb/Pyk2 leads to
ated by CAKb/Pyk2, a key question is whether CAKb/their recruitment and activation of Src family kinases in
Pyk2 plays a role in synaptic plasticity. Huang et al.many other cell types (Schlaepfer et al., 1999).
(2001) went on to show that intracellular application ofIn the current paper, Huang et al. (2001) employed a
the dominant-negative K457A CAKb/Pyk2 from thevariety of experimental approaches to test this hypothe-
patch pipette resulted in the complete abolition of teta-sis. Subcellular fractionation showed that CAKb/Pyk2
nus-evoked LTP 30 min after the stimulation protocol.was abundant in the postsynaptic density (PSD) and has
In a further series of technically difficult experiments,a similar fraction profile to Src. Coimmunoprecitation
these workers established that tetanic stimulationexperiments using antibodies directed against NMDA
caused tyrosine phosphorylation of CAKb/Pyk2 immu-receptor subunits or CAKb/Pyk2 confirmed that CAKb/
noprecipitated from neurons around the stimulatingPyk2 associates with the NMDA receptor complex. FAK
electrode. There was, however, no increase in the totalwas not coimmunoprecipitated. These results agree
levels of CAKb/Pyk2. Furthermore, since CAKb/Pyk2with the recent proteomic analysis of proteins that com-
autophosphorylates on Tyr402 to become an activatorplex with NMDA receptors in which Src and CAKb/Pyk2
at the SH2 domain of Src, a tetanus should increase thewere found to be associated with NMDA receptor com-
plexes but Fyn and FAK were absent (Husi et al., 2000). association of CAKb/Pyk2 with Src. Coimmunoprecipi-
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tation experiments showed that this was indeed the of LTP. The realization of the importance of the tyrosine
case. kinases in this phenomenon and continued focus on the
In a final series of experiments, Huang et al. demon- roles they play, and the mechanisms by which they are
strated that CAKb/Pyk2-evoked increases in synaptic activated, will continue to shed new light on the molecu-
responses occlude LTP and are NMDA receptor and lar processes underlying synaptic potentiation.
Ca21 dependent. Infusion of CAKb/Pyk2 into CA1 neu-
rons caused an z3-fold increase in AMPA receptor Jeremy M. Henley and Atsushi Nishimune
EPSP slope, and no further long-term increase was MRC Centre for Synaptic Plasticity
evoked by subsequent tetanic stimulation. Importantly, Anatomy Department
infusion of CAKb/Pyk2 into neurons in which NMDA School of Medical Sciences
receptors were blocked with MK-801 did not show an Bristol University
increase in EPSP slope. These results show that CAKb/ Bristol, BS8 1TD
Pyk2 does not modulate AMPA receptors directly and United Kingdom
that NMDA receptor activation is required for the CAKb/
Selected ReadingPyk2 evoked increase in AMPA-mediated synaptic re-
sponses. Inclusion of the calcium chelator BAPTA (10
Bliss, T., and Collingridge, G. (1993). Nature 361, 31–39.mM) prevented the CAKb/Pyk2-mediated increase in
Fitzjohn, S.M., Irving, A.J., Palmer, M.J., Harvey, J., Lodge, D., andAMPA receptor EPSPs. The CAKb/Pyk2-mediated in-
Collingridge, G.L. (1996). Neurosci. Lett. 203, 211–213.crease in NMDA receptor EPSCs in slices and the NMDA
Girault, J.A., Costa, A., Derkinderen, P., Studler, J.M., and Toutant,receptor component of mMPSCs in cultures were not
M. (1999). Trends Neurosci. 22, 257–263.
blocked by increased calcium buffering.
Grant, S.G.N., O’Dell, T.J., Karl, K.A., Stein, P.L., Soriano, P., andThe results are impressive, but there are some in-
Kandel, E.R. (1992). Science 258, 1903–1910.
teresting aspects and implications of the work that
Huang, Y.-Q., Lu, W.-Y., Ali, D.W., Pelkey, K.A., Pitcher, G.M., Lu,
are yet to be determined. For example, these authors Y.M., Aoto, H., Roder, J.C., Sasaki, T., Salter, M.W., and MacDonald,
have reported previously that Src-induced potentiation J.F. (2001). Neuron 29, this issue, 485–496.
of AMPA receptors is Ca21 dependent, whereas Src- Husi, H., Ward, M.A., Choudhary, J.S., Blackstock, W.P., and Grant,
induced potentiation of NMDA receptors is Ca21 indepen- S.G. (2000). Nat. Neurosci. 3, 661–669.
dent (Lu et al., 1998). These data suggest that the Ca21- Lev, S., Moreno, H., Martinez, R., Canoll, P., Peles, E., Musacchio,
sensitive step occurs after tyrosine phosphorylation of J.M., Plowman, G.D., Rudy, B., and Schlessinger, J. (1995). Nature
376, 737–745.NMDA receptors but prior to enhancement of AMPA
receptor function. As summarized above, increased cal- Lu, W.Y., Xiong, Z.G., Lei, S., Orser, B.A., Dudek, E., Browning, M.D.,
and MacDonald, J.F. (1999). Nat. Neurosci. 2, 331–338.cium buffering prevents CAKb/Pyk2-evoked potentia-
Lu, Y.M., Roder, J.C., Davidow, J., and Salter, M.W. (1998). Sciencetion of AMPA EPSPs but not CAKb/Pyk2-evoked in-
279, 1363–1367.creases in NMDA receptor function. However, in their
Salter, M.W. (1998). Biochem. Pharmacol. 56, 789–798.Discussion, the authors suggest that activation of CAKb/
Schlaepfer, D.D., Hauck, C.R., and Sieg, D.J. (1999). Prog. Biophys.Pyk2 is likely to be by Ca21 and/or PKC; indeed, the Ca21
Mol. Biol. 71, 435–478.sensitivity of CAKb/Pyk2 is well documented (Girault et
Tezuka, T., Umemori, H., Akiyama, T., Nakanishi, S., and Yamamoto,al., 1999). It is therefore unclear what signal leads to
T. (1999). Proc. Natl. Acad. Sci. USA 96, 435–440.CAKb/Pyk2 activation following tetanic stimulation. One
possibility could be a Ca21-independent isoform of PKC.
Another aspect of particular interest is the possible
contribution of Gaq/11-coupled G protein–coupled recep-
tors (e.g., group 1 mGluRs). It has been shown that the
Gaq/11-coupled muscarinic and lysophosphatidic (LPA) Hearing and Lookingreceptors activate Src via PKC to enhance NMDA recep-
tor currents (Lu et al., 1999). Separately, it has been
reported that activation of group 1 mGluRs can also
Many objects in the real world have multiple sensorypotentiate NMDA responses (Fitzjohn et al., 1996). These
attributes—for example, an object may both reflect lightobservations open the intriguing question of whether
and emit sound. This leads to the percept that both thethe CAKb/Pyk2-Src pathway is involved in the cross-
sound and the light originate from the same object, eventalk between mGluRs and NMDA receptors and how
though the neural processing of spatial information bythis relates to LTP induction.
the visual and auditory system is very different. In theA related question is what is the role of the Src family
visual system, space is encoded at the level of the retinakinase Fyn in this system? Deletion of the gene encoding
based on the position of the activated photoreceptors.Fyn alters FAK phosphorylation and impairs LTP (Grant
Thus, visual space must initially be represented in anet al., 1992). Infusion of Fyn potentiates NMDA receptor–
eye-centered reference frame. In the auditory system,mediated currents, and it has been shown to interact
spatial information must be computed based on differ-with the NR2A subunit via the scaffold protein PSD95
ences in intensity and timing of the stimulus at the two(Tezuka et al., 1999), although it was not detected in
ears and on spectral cues resulting from reflections ofthe NMDA receptor multiprotein complex by Grant and
the stimulus by the torso, head, and pinnae. Thus, sincecoworkers (Husi et al., 2000).
the ears are fixed to the head, auditory spatial informa-The work reported by Huang and coworkers repre-
tion should be represented in a head-centered referencesents a further step toward our understanding of the
complex interplay between proteins during the induction frame. At some point in the nervous system, these two
